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I. INTRODUCTION
The orthoferrite [RFeO 3 ; R = rare earth] oxides have been recently re-investigated experimentally and theoretically from the fascinating perspective of multiferroicity. [1] [2] [3] [4] [5] Pursuing the recent line of multiferroics research, theoretical work on RFeO 3 thinfilms has identified that strain can convert paraelectric phase of orthoferrites in to ferroelectrics thus rendering them multiferroic 5 . It has been found theoretically that for large values of strain on RFeO 3
with large rare earth ion, giant polarization is realized. In fact, with increasing strain, a new ferroelectric phase, not observed in any perovskite before, is realized. Multifunctional properties like large magnetoelectric coupling and ultrafast optical control of spins have been observed in the orthoferrites [6] [7] [8] . The RFeO 3 realize high Néel temperature, T N ≈ 623 -740 K 9,10 however, in bulk form they are paraelectric rather than ferroelectric suggesting weak multiferroic effects. Weak ferroelectric polarization has been recently reported in Gd and Sm orthoferrites 6,11 which are thought to have "improper" origin induced by magnetic order. In TbFeO 3 , an unusual incommensurate magnetic phase was discovered through neutron diffraction 12 -it was shown that the exchange of spin waves between extended topological defects could result in novel magnetic phases drawing parallels with the Yukawa forces that mediate between protons and neutrons in a nucleus. The Fe 3+ moments in
spin configuration at room temperature [13] [14] [15] which is accompanied by a spin-reorientation to F x C y G z (P bn ′ m ′ ). At 3 K, another spin re-orientation occurs to revert to the G x A y F z (P b ′ n ′ m) structure. It is considered that the Tb 3+ spins order in F x C y structure in 10 -3 K interval and in the A x G y structure below 3 K. Doping the R-site in RFeO 3 with another rare earth is found to be profitable to realize electric field induced generation and reversal of ferromagnetic moments 16, 17 In our previous investigation using magnetometry it was inferred that TbFe 0.
Fe/Mn N ≈ 286 K followed by a spin re-orientation at
No signature of Tb ordering was obtained in the previous study. In the present manuscript, we make a detailed investigation of the magnetic structures and spin re-orientation transitions in TbFe 0.5 Mn 0.5 O 3 using neutron powder diffraction in order to confirm the magnetic structure arrived at through macroscopic magnetization earlier. We update the magnetic structures as a function of temperature and observe that they evolve between Γ 1 and Γ 4 through mixed-domains of (Γ 1 + Γ 4 ). 
II. EXPERIMENTAL DETAILS

III. RESULTS
A. Magnetization
The experimentally measured magnetization curves, M(T ), in zero field-cooled and fieldcooled protocols at 0.02 T are plotted in Fig 1 (a) I (011) > I (101) is observed at 2 K while at 90 K, the opposite is true. At 300 K, again the condition
These features underline the magnetic anisotropy in the crystal sample of TbFe 0.5 Mn 0.5 O 3 23 .
B. Neutron diffraction
The neutron diffraction patterns at different temperature points were refined using To facilitate comparison, in Table II , the values of the JT-parameters of TbMnO 3 at 300 K taken from Ref. [28] 28 are given in parenthesis.
A symmetry analysis of RFeO 3 in P bnm space group with Fe 3+ in 4b and R 3+ in 4c
Wyckoff positions leads to eight irreducible representations, Γ 1 through Γ 8 , for magnetic structure. For the 4b position, the configurations Γ 5 to Γ 8 are not allowed and hence Γ 1 , Γ 2 , Γ 3 and Γ 4 are selected as the final possibilities. Table III lists these irreducible rep- resentations, the Shubnikov space groups and the magnetic structure notations used for undergoes a magnetic phase transition very close to 300 K (notice from Fig 1 (e) that the transition extends over a wide range from 280 K to 303 K). Hence, the diffraction data at 300 K is refined with additional magnetic phase. In order to solve the magnetic structure at 300 K, the peaks below 2Θ ≈ 40
• were used to perform a k-search to find the propagation vector. The utility called k-search within FullProf suite of programs was used for this purpose. Thus, k=(000) was identified as the propagation vector. Representation analysis using k(000) and P bnm nuclear cell lead to the listing of four possibilities -Γ 1 (P bnm),
matching with the selection in Table III . They also match with the magnetic structures of orthoferrites already reported in the literature 3 .
From the refinement trials it was noted that the representation Γ 3 contributes zero intensity to the Bragg peaks at (101) and (011) and hence can be excluded. A better visual fit to the experimental data and reasonable agreement factors were obtained for Γ 4 (the R mag factors were, Γ 1 ≈ 70; Γ 2 ≈ 21; Γ 3 ≈ 20 and Γ 4 ≈ 5) and hence was accepted as the solution to the magnetic structure at 300 K. In Fig 2, the lower set of vertical tick marks correspond to the magnetic Bragg positions.
After confirming the room-temperature crystal structure to be P bnm and the magnetic structure as Γ 4 (P b ′ n ′ m), we now discuss the low temperature diffraction data. In Fig 4, an expanded view of the reflections in the 2Θ-range 31-35
• is given for 2 K, 90 K and 300 K. At 2 K, the intensity of the (011) 
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.3 for mixed-domains whereas ∼ 6 for pure phases). A better fit using the mixed-domain model could result from utilizing a bigger parameter space for least-squares however, we also notice the presence of clear irreversibility in the magnetization profiles that are in support of the claim of presence of mixed-domains. The mixed-domains of (Γ 1 + Γ 4 ) were found to exist down till T 
IV. DISCUSSION
Our investigation of the magnetic structure of TbFe 0.5 Mn 0.5 O 3 shows that the predominant structures are Γ 4 and Γ 1 however, a competition between these two magnetic phases is evident from the presence of a mixed-domains in certain temperature range. At 295 K, the high temperature paramagnetic phase transforms to the magnetic structure
It is seen that down till ≈ 250 K, the Γ 4 structure remains stable. In the intermediate temperature range close to 200 K a mixed-domains of (Γ 1 + Γ 4 ) is observed which remains down till 26 K. A precise phase space study to determine the boundaries of the mixed phase would demand many more temperature points, but such a detailed study was outside the design and scope of our present experiments. As evidenced by the M(T ) curve (Fig 1 (a) ), the T Fe/Mn SR is associated with a clear bifurcation of ZFC and FC forming a "loop-like" region between 18 K and 36 K. We deduce that the mixed-domains extend over this temperature window. Further at 10 K, the Γ 4 structure reemerges and remains till 2 K. In the temperature range 2 -10 K, the magnetic representation Γ 1 leads to a high R mag ≈ 60. It did not adequately account for the magnetic peaks and hence, Γ 4 (R mag ≈ 3.5) was chosen as the solution. Note that in both Γ 1 and Γ 4 , Fe/Mn are constrained to have magnetic moments in x, y and z whereas the R-moment is constrained to the z-direction.
We found that in whole temperature range in Γ 1 setting the Fe/Mn magnetic moments had negligible x and z components (practically zero) and aligned along y-axis (Fig. 6 ). Also the whole temperature range in Γ 4 setting Fe/Mn moments have negligible y-component and aligned along x-axis with small canting along y-direction.
Different rare earths in RFeO 3 are observed to have different magnetic structures at low temperatures. For example, DyFeO 3 has a P b ′ n ′ m ′ space group for Dy and P nma for Fe whereas TbFeO 3 has P bnm ′ for Tb. In the present case of TbFe 0.5 Mn 0.5 O 3 , it is found that in the low temperature region significant diffuse scattered intensity is present arising from the short-range magnetic order of Tb. Supporting this feature is the fact that no enhancement on quality of the fit was obtained in refining the 5 K or 10 K diffraction data by introducing a magnetic moment for Tb. Only at 2 K does Tb begin to order as F z as evident by the development of 0.6(2) µ B for Tb moment. A notable difference of the magnetic structure of Fe/Mn in TbFe 0.5 Mn 0.5 O 3 compared to that of the parent compound TbFeO 3 is that the latter compound transforms to Γ 2 (F x C y G z ) structure at the spin-reorientation transition.
In both the cases, the high temperature structure pertaining to Fe/Mn is Γ 4 . In TbFeO 3 , the Tb moment undergoes two types of ordering below 10 K in to F x C y and to A x G y whereas in TbFe 0.5 Mn 0.5 O 3 , Tb develops no significant magnetic moment until 2 K where it orders F z .
V. CONCLUSIONS
In conclusion, the Mn-doped orthoferrite compound TbFe 0.5 Mn 0.5 O 3 orders antiferromagnetically at T 14 Further, at 2 K the rare earth Tb is found to be magnetically ordered, however, the exact ordering temperature is no confirmed through our study. 
